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ABSTRACT 
Poor mine water management can lead to corporate, environmental and social risks. These risks 
become more pronounced as mining operations move into areas of water scarcity and/or increase 
climatic variability while also managing increased demand, lower ore grades and increased strip 
ratios. Therefore, it is vital that mine sites better understand these risks in order to implement 
management practices to address them. Systems models provide an effective approach to 
understand complex networks, particularly across multiple scales. Previous work has represented 
mine water interactions using systems model on a mine site scale. Here, we expand on that work by 
present an integrated tool that uses a systems modeling approach to represent mine water 
interactions on a site and regional scale and then analyses the risks associated with events 
stemming from those interactions. A case study is presented to represent three indicative corporate, 
environmental and social risks associated with a mine site that exists in a water scarce region. The 
tool is generic and flexible, and can be used in many scenarios to provide significant potential 
utility to the mining industry. 
   
 
 
 
 
 
 INTRODUCTION 
Systems modeling tools have proven to be useful for assessing the performance of mine water 
management strategies (Moran & Moore, 2005, Côte, Moran & Hedemann, 2007, Côte, Moran et al., 
2010). Recent work by the current authors (Keir & Woodley, 2013, Woodley, Keir & White, 2013) 
has led to the development of a new systems model for mine water management, referred to as the 
Hierarchical Systems Model (HSM). The HSM differs from previous models by including fluxes of 
water, energy and greenhouse gas (GHG) emissions and representing interactions at various spatial 
scales from the sub-site scale to the regional scale allowing the mining industry to examine the 
linkages, interactions, and trade-offs between water use, energy use, and GHG emissions in an 
integrated manner. The HSM is flexible allowing it to be adapted and used in a variety of 
environmental, social and operational contexts.   
The use of a risk matrix is ubiquitous in mining to assess safety, environmental, social, production 
and corporate risks. A common approach is to represent risk, here defined as the potential of loss, 
as the frequency of an event occurring and the significance of impact if the event occurs. Often the 
determination of frequency and significant values are qualitative rather than quantitative, which 
lowers their utility and comparability. 
In this paper, we present the further development of the HSM by the incorporation of an integrated 
framework for risk analysis. This presents a strong value add, since it allows the complex numerical 
time series output from HSM models to be translated into a form that is easily understandable, 
allows risk quantifications to be formed from a strong quantitative basis and, allows for multiple 
risks to be compared in a consistent manner. 
MODEL DETAILS 
Description of the HSM 
A detailed description of the HSM is presented in other work (Keir & Woodley, 2013, Woodley, 
Keir & White, 2013); only a brief description is possible here. The HSM represents water and energy 
interactions using six components: (i) water inlets that represent water entering the mine site; (ii) 
water outlets that represent water leaving the mine site; (iii) energy inlets that represent energy and 
emissions entering a mine site; (iv) emissions outlets that represent emissions exiting a mine site; (v) 
stores that represent where water is held on site; and (vi) tasks that represent where water and/or 
energy is used on site. Since energy/emissions are not the focus of the paper, their use in the HSM 
will not be discussed further.  
The HSM models the behavior of the mine water system as a network. The HSM attempts to fulfill 
the task water demand for each daily timestep, therefore, each task draws water from the stores, 
inlets and other tasks and sends water to the tasks, stores and outlets. Concurrently, the stores are 
impacted upon by climatic variables such as rainfall and evaporation. These actions affect the 
volumes and concentration water in the stores, and when they reach a certain thresholds then the 
functionality of the mine (for example: its ability to meet production demand) is placed at risk. 
Additional behavior has been added to the HSM to mitigate this risk, for example if the volume in a 
store falls below a certain threshold then it withdrawals water from an inlet that represents an 
external dam. However, in reality, if the mine exists in a region with shared water users or a water 
dependent ecosystem (as most do) then the behavior of the mine would inherently produce risks 
for those other users and the ecosystem which also need to be quantified.       
 Prior work (see Keir & Woodley, 2013, Woodley, Keir & White, 2013 for details) has analyzed large 
numeric outputs from the model, such as store volumes over long periods (30 – 50 years). However, 
this complex numerical output may be difficult for non-experts to understand; and thus the use of 
an automated risk classification framework within the model may aid understanding the 
information contained in the model results and aid decision-making on various water management 
strategies. The following section describes the development of this risk framework in the context of 
a regional network. 
Incorporation of risk framework 
We define risk as the potential of level of loss resulting from an event. There are a number of 
different types of risks that can be associated with an event, but here we have broadly classified 
risks into three types: (i) environmental risks, such as those affecting water quality, air quality and 
biodiversity; (ii) social risks, such as those affecting health, livelihood and culture; and (iii) risks to 
companies, such as lost production, or regulatory and reputational effects.  
The framework expresses the magnitude of risk both quantitatively, as a numerical risk level Lr 
(over a scale from one to seven); and qualitatively, as a risk rating (from no risk to extremely high 
risk). The magnitude of the risk is given by the product of the frequency of an event occurring and 
the consequences stemming from the event. We define the consequence numerically as a time-
varying significance score Ss which varies over a scale from three to 75: 
 =  	× 	 +  +   (1) 
Where: 
– Lv is the value level (representing the perceived importance of the event); 
– Lsp is the spatial level (representing the likely spatial extent of the impact of the event);  
– Lt is the temporal level (representing the likely temporal extent of the impact of the event);  
– Li is the intensity level (representing the magnitude of the event). 
These levels may all vary with time over a scale from one to five.  
Li may include a null level, when the value of the monitor variable is ‘below’ the lowest indicator 
level, and therefore, the potential of loss is immaterial.  Intensity levels can either be represented 
instantaneously or cumulatively, and can reset to zero after a particular time period.   
The significance score Ss is then normalized to the same scale (one to five) to produce a significance 
level Ls, which varies with time, and may include a null level. The frequency of events FLs in each 
significance level Ls over a long period of simulation is calculated. These frequencies are then also 
normalized to the same scale (one to five) expressed relative to a set of subjectively assigned 
frequency levels.  
The frequency and significance level pairs [FLs, Ls] are then plotted on a risk matrix, to produce a 
numerical risk level Lr (ranging from one to seven), which corresponds to a risk rating (ranging 
from very low to highly extreme).  
Case study details 
To illustrate the use of the risk framework, we analyze a regional scale model of a hypothetical coal 
mine in the Bowen Basin, Australia, under a scenario of low regional water availability. This case 
study has been designed to demonstrate give a basic indication of the level of risk classification that 
 is achievable within the HSM risk framework, and is not intended to contain an exhaustive list of 
risks and impacts. Furthermore, the thresholds for each of the levels are illustrative in nature, and 
would likely be changed if they were applied to a real mine site. Since the HSM has been designed 
with flexibility in mind, its functioning parameters can easily be adapted to a particular operational, 
social or environmental context. Other case studies, which apply the HSM and risk framework to 
other scenarios (such as discharge of poor quality water and runoff impact resulting from carbon 
offset plantations) are presented in other work (Woodley et al, 2014).  
The basic premise of the case study is as follows: an open cut mine is supplied with water from a 
large external catchment draining to a regional dam, as well as from runoff within the catchments 
draining to the mine lease. Excess water from the mine is discharged in an unregulated manner 
(that is, the on-site storages simply spill when full) back into the regional catchment (effectively 
returned to the dam). The dam supplies other demands, namely: an environmental flow demand to 
the river downstream of the dam, which varies on a monthly basis derived from long-term flow 
records; and a demand from other users, representing agricultural or domestic users, which is 
assumed to be constant over time. 
Competition for access to the dam is modeled as follows: (i) the mine receives the full amount of 
water it requests at any time, unless the regional dam is completely empty; (ii) the environmental 
flow demand receives the requested amount unless the dam level is below a threshold level, set at 
30% of capacity. In this case the flow allocation is linearly scaled from full allocation at that 
threshold level to zero when the dam is empty; and (iii) the other users receive allocations scaled in 
an identical manner to the environmental flow allocation. The mine also responds to water 
availability at the local scale, by scaling production back when the amount of on-site water is less 
than four months of supply for the on-site processing plant.  
RESULTS AND DISCUSSION 
The model was run for a 50 year sequence of daily climate data to examine the aforementioned long 
term risks of low water availability. Some illustrative results are presented here. 
Risk to company 
The risk company from this case study is that they would have to scale back production due to 
insufficient water. The quantitative basis of this risk is therefore the number of days of production 
remaining, derived by dividing the volume of water stored on site by the task demand per day. An 
excerpt of the model time series output (for approximately 10 years) showing the variation in the 
days of supply remaining, and the corresponding temporal level, value level, significance score and 
significance level are shown in Figure 1, where dashed horizontal lines indicate divisions between 
indicator levels.  
 
<< INSERT FIGURE 1 HERE>> 
 
For the risk to company, intensity(Li) is described by the months of supply remaining on site, with 
more than six months considered no risk and less than four months considered maximum risk, with 
approximately linear interpolation between intermediate intensity levels, the assumption being that 
 mines should always hold at least six months of supply onsite. Here, Li is inversely proportional to 
the number of months of supply. One multiple occasions Li reaches level one to four, however only 
once does it reach level five, when production needs to scale back. 
 
The value of risk events is also calculated computationally based on the percentage reduction in 
revenue each year due to the mine scaling back production due to lack of water. Here, Lv only 
reaches above one once (that is when Li reaches five). Lv increases with time based on the length of 
the scaled production period, and resets every year, as shown around day 13,900. 
The temporal level (Li) varies inversely with the days of supply remaining, remaining at zero (no 
risk) when the days of supply remaining is greater than the equivalent of six months. The temporal 
level also tracks the duration of non-zero intensity level events, and assigns them to specific 
durations as previously described. 
For this example the spatial score has been set to one for all instances.  
The significance score (Ss) was calculated as a function of Li, Lv, Lsp, and Lt and then assigned to a 
significance level Ls between one and five as previously. In the case study the significance varies 
from zero (no risk) to four. 
To calculate the frequency (FLs) Ls was analyzed to count the numbers of ‘events’ occurring in each 
significance level, that is, when the significance level rises above zero. In this way, the count can 
account for events with multiple ‘peaks’. From this the frequency of occurrence is calculated where 
FLs = 1 corresponds to less than one event per 100 years; FLs = 2 represents one event per 10 to 100 
years; FLs = 3 represents one event per one to 10 years; FLs = 4 represents more than one event per 
year; and FLs = 5 represents more than one event per month. 
While not shown here for brevity, the count of events for the risk to company varies from 116 over a 
50 year period for LS = 1, through to zero over a 50 year period for LS = 5. Additionally, the 
corresponding frequency levels vary from four (more than once a year) for an LS = 1 event, to two 
(one event per 10 to 100 years) for an LS = 4 event, to zero (no events) for LS = 5. 
Finally, these frequency levels and significance levels are paired to yield an overall risk rating for an 
event of each significance level, shown in Figure 2 (final output plotted on risk matrix as diamond-
shaped markers), where it can be seen the risk ratings are: significance level 1: moderate risk (Lr = 
3); significance level 2: moderate risk (Lr = 3); significance level 3: high risk (Lr = 4); significance level 
4: high risk (Lr = 4); and significance level 5: no risk (does not occur –  Lr = 0). 
 
<< INSERT FIGURE 2 HERE>> 
 
A further description of the overall risk rating for the entire system can be derived by taking the 
highest risk rating of this set: in this case, the overall risk rating would be ‘high risk’ (Lr = 4). It is 
interesting to note that while events with LS = 1 or LS = 2 may occur more frequently, they represent 
a lower overall risk (as defined by the risk matrix) than events with events with LS = 3 or LS = 4. 
 
 
 Environmental risk 
For the environmental risk, this case study revolves around the ability to of a riparian ecosystem to 
maintain ecosystem services with a decrease in water availability. The assumption being that while 
the ecosystem may be able to absorb small decreases in water availability, they will not be able to 
absorb material decreases (for example above 5%).  
For this case study, intensity (Li) was described by the proportion of the desired allocation available 
to meet the environmental flow demands, with 100% of the allocation considered no risk and less 
than 85% of the allocation considered maximum risk, also with approximately linear interpolation 
between intermediate intensity levels. The spatial (Ls) and value (Lv) levels were manually set to 
equal three while the temporal (Lt) and frequency levels were calculated using a similar procedure 
as the risk to the company. 
An excerpt of the model time series output (for approximately 10 years) showing the variation in 
the environmental flow allocation (as a fraction of the full environmental flow requirement), and 
the corresponding significance level is shown in Figure 3, where dashed horizontal lines indicate 
divisions between indicator levels.  Figure 3 shows that events with Ls = 3 occur most frequently 
(once every one to 10 years), yielding a high risk rating. Events with events with LS = 1 or LS = 2 
occur less frequently: this is because while Li = 1 events may occur most frequently, they translate 
almost immediately to events with LS = 2 or above, as shown in Figure 3. Finally, events with LS = 4 
or LS = 5 do not occur during the course of the simulation. A summary of the final risk is shown in 
matrix form in Figure 2, plotted using square markers 
 
<< INSERT FIGURE 3 HERE>> 
 
Social risk 
Finally, the social risk is based upon the ability of the regional dam to supply other water users in 
the system. It is assumed that while other users may be able to absorb small decreases in water 
availability, they will not be able to absorb material decreases (for example above 5%) and will 
likely change their practices accordingly 
The intensity of social risk in this instance is evaluated by the fractional allocation of water to other 
users in the regional catchment. As this follows the same assignment rules as the environmental 
flow allocation (presented in the preceding section), the time series for Li is identical to the 
environmental risk case. Likewise, the temporal (Lt) and spatial values (Ls) are also set identical to the 
environmental risk while the value level (Lv) is set to four which affects the final risk calculations. 
A summary of the final risk is shown in matrix form in Figure 2, plotted using circular markers. The 
increase in the manually assigned value level has increased the significance level of the risk overall, 
effectively shifting values to the right on the risk matrix. No events with Ls = 1 are now recorded; all 
events now lie in the range 2 ≤ Ls ≤ 4. Again, the highest overall risk rating is ‘high’, though this 
occurs in both LS = 3 and LS = 4 in this instance. 
CONCLUSION 
 This paper has demonstrated the use of a risk framework linked to the numerical time series results 
of the HSM, a dynamic systems model developed to describe the fluxes of water, energy, and GHG 
emissions on mine sites and surrounding regions. The risk framework is able to monitor 
instantaneous or cumulative values of any model variable, and with assignment of corresponding 
intensity, spatial, temporal and value levels by the user or programmatically, determine an overall 
risk level or rating at any point in the simulation. An arbitrary number of risks can be monitored as 
desired; here, simple examples were presented for environmental risk, social risk, and risk to 
company for a hypothetical coal mine operating in a water scarce region. 
The coupling of the HSM with the risk framework provides a convenient method for distilling the 
complex numerical output obtainable through the HSM into relatively simple risk levels and 
ratings which can be used to guide or support management decisions. While it is acknowledged the 
case study shown here is considerably simplified and largely hypothetical, such methods could be 
used at least for preliminary risk analysis of various water management scenarios, before moving to 
more detailed conceptual and design considerations. 
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Figure 1 Time series excerpt of intensity, temporal, value, and significance levels describing risk to company 
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LEGEND 
◊ risk to company 
□ environmental risk 
● social risk 
 
Significance Level (Significance Score) 
Level 1 (3-14) Level 2 (15-29) Level 3 (30-44) Level 4 (45-59) Level 5 (60-75) 
Frequency 
Level 
Level 5 HIGH HIGH EXTREME EXTREME 
HIGHLY 
EXTREME 
Level 4 
MODERATE 
◊ 
HIGH HIGH EXTREME EXTREME 
Level 3 LOW 
MODERATE 
◊ 
HIGH 
◊ □ ● 
EXTREME EXTREME 
Level 2 
LOW 
□ 
LOW 
□ ● 
MODERATE 
HIGH 
◊ ● 
EXTREME 
Level 1 VERY LOW LOW MODERATE HIGH HIGH 
Figure 2 Matrix of final risk levels for risk to company, environmental risk, and social risk 
  
  
Figure 3 Time series excerpt of intensity and significance levels for environmental risk (reduction in flow 
allocation) 
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